Abstract: Recent exploration activities on Triassic Yanchang Formation has indicated significant potential for shale-gas resources. Even though some areas have been put into pilot production, challenge exists in effectively determining shale-gas content, which make it difficult to estimate reserve and forecast production. This is primarily due to the low maturity of the shale and complicated relationships between oil, water and gas. However, studies on the gas generation and accumulation of low-maturity shales are lacking in the literature and previous desorption experiments did not consider the effects of oil and water. In this study, eight core samples are used to run the gasdesorption experiment. Shale-gas composition and isotopic fractionation data are analyzed to provide insights on gas adsorption, expulsion and accumulation processes in the Yanchang Formation. The experiment results indicate that the overall methane content decreases (from 68.8% to 58.9%), heavy hydrocarbon-gas content (from 20.30% to 36.12%) and δ 13 C 1 increase (from -51.43% to -34.63%) during the desorption process. Gas yield reached up to 3.89 m 3 /t shale, and the content of lost gas can account for more than 20% of total desorbed gas during the coring process. The recoverable shale gas content is estimated to be 80% of the total gas-desorption volume. Desorbing the rest 20% requires extra heating under much higher temperature.
Introduction
With the successful development of shale gas in the United States, geologists and engineers have realized the importance of gas sorption in forming effective shale-gas systems [1, 2] . Successful desorption of shale gas plays an important role in maintaining a long-term stable production. Some wells that have penetrated the sweet spots are reported to have produced shale gas for over 30 years [3] . Better understanding the shale-gas sorption process and mechanism, gas adsorption and desorption experiments have been widely carried out [4] [5] [6] . Chemical and isotopic composition analysis, which are commonly used research methods for conventional natural gas have also been introduced into shale gas researches [7] [8] [9] .
Using chemical and isotope composition analysis, previous researchers have primarily focused on investigating the shale-gas origin [10, 11] , detecting shale-gas types [12, 13] and shale-gas sorption mechanisms [8, [14] [15] [16] . Studies on the shale-gas expulsion and accumulation processes are comparatively lacking. This is especially true for low-maturity shales such as the Yanchang Formation, which faces a huge challenge considering its complicated oil, water and gas relationship [17, 18] .
Gas content is an important parameter in calculating gas resources. Currently it is mostly measured in the laboratory through gas adsorption experiments, in which only one type of gas (e.g. methane) is used to estimate the shale adsorption capacity. Knowing that there is a mixing different gases in the actual expulsion process, neither the impact of other hydrocarbon gases nor non-hydrocarbon gases are considered in these experiments. In addition, the co-existence of oil, water and gas in real reservoir conditions and its impact on gas adsorption capacity are too complicated to be included in these experiments. Consequently, the gas content values acquired from these experiments are not accurate.
This study is primarily based on shale-gas desorption experiments using fresh core samples, in which oil, water and gas were kept at best in their original state. By analyzing the chemical and isotopic composition data obtained from these experiments, this study try to provide some in-sights on shale-gas expulsion and accumulation processes as well as methods in improving shale gas content calculation.
Geological Setting
The Ordos Basin is located in the central part of the North China Block. As the second largest sedimentary basin, it has an approximate area of 37×10 4 km 2 [17, 19, 20] . It is bounded by the Helanshan and Liupanshan on the west, by the Qinling Mountains on the south, by the Yinshan and Langshan on the north and by the Shanxi Plateau on the east [19] . It is a typical cratonic basin developed on the Archean granulites and lower Proterozoic greenschists and filled with middle-upper Proterozoic to MesoCenozoic sediments [21] [22] [23] . The evolution of the Ordos Basin can be divided into four stages: the Early Paleozoic cratonic basin with divergent margins, the Middle Ordovician-Middle Triassic cratonic basin with conversant margins, the Mesozoic intracontinental remnant cratonic basin and the Cenozoic faulting and subsidence [23, 24] . The Triassic Yanchang Formation consists of predominantly lacustrine deposits ranging from 100-300 m in thickness [11] . It is overlain by the Lower Jurassic Fuxian Formation and underlain by the Middle Triassic Zhifang Formation [24] . The Yanchang Formation is subdivided into 10 members, which are named Chang 1-10 in descending order [21, 25] (Fig. 1) . The Chang-7 and Chang-9 members consists of dominantly deep-lacustrine dark shale, which are the main targets for shale-gas exploration and development in the basin. This study will focus on the deep lake facies of Yanchang Formation, which has a shale thickness ranging 60-80 m and burial depth ranging 1100-1700 m TVD. The average content of total organic carbon (TOC) is greater than 2% [26] [27] [28] .
Even though the Yanchang shale-gas field has been put into pilot production and a few wells are producing economic gas flows, there are many challenges in successful development of the field. These are; (i) low porosity and low permeability of gas reservoir, (ii) negative pressure system with reservoir pressure coefficient ranging 0.43-0.65. Futhermore, the low maturity (Ro<0.9) of the Yanchang shale source rock, which is in oil window and makes a complicated oil, water gas system is another significant challenge. 
Experimental Samples
Eight core samples (A-H) from the Yanchang Formation are used for the gas desorption experiment (Fig. 2) . Fresh cores are sealed by a canister as quickly as possible at the wellsite to prevent evaporative losses. Basic information of these cores including lithology, well name, burial depth, average TOC, S1 and S2 is shown in Table 1 . All the eight cores are black shale in lithology, except sample E which is sandy shale. TOC varies from 2.5% to 5.4% in a burial depth range of 1310.2-1608.4 m TVD.
Experimental Methods and procedures
Eight core samples of the Yanchang Formation from four wells were analyzed through two types (I and II) of desorption experiments in this study. In the type-I experiment, temperature was kept constant at 25 ∘ C through the [20] [21] [22] [23] [24] [25] ∘ C in the beginning and then increased overtime to 90 ∘ C. Samples A-E went through the type-I experiment, while samples F-H went through the type-II experiment. In the desorption experiments, the procedures is as follows: 1) put the samples in the airtight container; 2) put the airtight container in the water kettle (the water can be heated by connecting electricity); 3) in different heating times or different temperatures, pump the released gas out to measure their quantity, composition and carbon isotope; 4) repeat above process until nearly no gas can be released out.
The composition and content of desorbed gas were measured using a Gas Chromatograph (Agilent 6890N), with a flame ionization detector (FID) and a thermal conductivity detector (TCD). Poly Tetra Fluoroethylene (PTFE) bore and length were 3 mm×4 m and 3 mm×2.4 m for the chromatographic column (GDX-502) and the mesoporous molecular sieve, respectively. The capillary chromatogram-column bore and length were 0.5 mm× 50 m. Column temperature was elevated from 30 ∘ C to 160 ∘ C at a heating rate of 70 ∘ C/min. Column pressure was 200 kPa. The carrier gas was helium and the inlet temperature of the chromatographic column was 120 ∘ C.
TCD and FID was heated to 180 ∘ C. The volume of the injected sample gas was 1 ml. The measure limit ranged from 0.1 to 10 ppm with absolute error of ±5%. The carbon isotope ratio was measured using a Gas Chromatography Combustion Isotope Ratio Mass Spectrometry. The model of the Gas Chromatograph was HP 6890I. The model of the isotopic mass spectrometer was Finigan Delta plus XP. The carrier gas was helium. Desorbed gas was firstly divided into separate compounds using the Gas Chromatograph. Each compound was then burned in a combustion furnace and converted into carbon dioxide, which was used for carbon isotopic composition analysis using the Isotope Ratio Mass Spectrometry. The chromatographic column used in the study is a CP-CarboBOND with a length, bore and film thickness of 25 m×0.53 mm×10 µm. Chromatography heating was performed by keeping the initial temperature at 30 ∘ C for 5 minutes, then increasing the temperature to 240 ∘ C at a heating rate of 15 ∘ C/min, and maintaining a temperature of 240 ∘ C for 10 minutes. The flow rate of the carrier gas was kept at 6.2 ml/min. The measuring error of carbon isotopes was ±0.3% .
Experimental Results
Desorbed gas compositions were measured for all the eight samples. Only samples F-G were tested for the carbon isotopic ratios. The data obtained from the experiments are shown in Tables 2 and 3 . The experimental results indicate that the desorption rate was relatively high at the early stage of the desorption process, with a large volume of gas being released from the shale samples. After a certain period of time(48 hours and/ or 96 hours for the three samples), desorption rate slowed down and the volume of newly desorbed gas reduced significantly. However, if the sample is heated to a higher temperature at this time, the volume of newly desorbed gas increased rapidly again. After 280 to 300 hours of desorption, very little gas were released out of the shale samples, even with an abrupt increase in heating temperature. The extremely low desorp- tion rate indicates that the quantity of residual gas in the shale is negligible at this stage. The contents of different components of desorbed gas changed significantly throughout the entire desorption experiment. Most obviously, the content of methane decreased over time, while the heavy hydrocarbon gases (e.g., ethane and propane) increased, which led to a decrease in the volume ratio of methane to all gases (gas dryness) (Tables 2 and 3 ). The observed facts described above indicate that molecules with smaller diameter (e.g., methane) are easier to be desorbed from the shale samples (Fig. 3) . In contrast, desorption of heavy hydrocarbon gases (e.g., ethane), which have larger molecule diameters, are more difficult (Fig. 3) .
The carbon isotope ratios of different gas components also changed during the desorption process. For example, methane became significantly heavier overtime, with the carbon isotope ratio (δ 13 C 1 ) increasing from -51.6%
to -33.9% (Table 3) . Carbon isotope ratios for samples F, G and H reached -33.9% , -36.0% and -34.0% at 90 ∘ C (Table 3) , respectively, which are very heavy. This is probably due to the selective adsorption characteristic of shale. Shale has a stronger adsorption capacity to 13 C-methane than 12 C-methane. Similar characteristic has been widely tested and verified in coal-bed methane studies [20] . In contrast, heavy hydrocarbon gases such as ethane, propane and propane have shown only a slight trend of getting heavier through the desorption process. This trend became ambiguous and negligible at the later stage of the desorption experiment, which indicates that isotopic composition has no distinctive impact on the shale's desorption capacity of heavy hydrocarbon gases. Carbon isotopic compositions for carbon dioxide did not change much during the experiment and showed no obvious trend (Table 2 ). H sample, as the only one that has been weighed, is the heaviest and weighs 0.34 kg ( Table 3) . The content of desorbed gas is calculated to be 3.89 m 3 per ton of shale, using the volume of the desorbed gas from the experiment divided by it weight. The value is relatively higher than that of 1.17-3.68 m 3 per ton of shale, which were reported by Wang et al. (2014) based on six samples from the same formation but different wells [9] . Figure 3 : Plots of the proportion of volumes for CH 4 , C 2 H 6 and C 3 H 8 to the total gas volume overtime during the desorption experiment 3 Geological Significance
Gas adsorption capacity of shale
During the desorption experiments, the volumetric proportions of N 2 and CH 4 to the overall desorbed gas decreased overtime, with the former faster than the later.
In contrast, the volumetric proportion increased for CO 2 (Table 2 and Fig. 4) . The experiment results indicate that desorption capability of the Yanchang Formation shale for individual gas components follows the sequence of N 2 >CH 4 >CO 2 . Gas adsorption of shale is a physical progress, which is similar to that of coal [29, 30] . We interpret the gas Figure 4 : Plots of the proportion of volumes for N 2 (A), CO 2 (B) and CH 4 (C) to the total gas volume overtime during the desorption experiment adsorption as a reverse process to the desorption process. For individual gas components, the adsorption capacity follows the opposite sequence for desorption as CO 2 >CH 4 >N 2 , which is consistent with the gas adsorption experiment result getting from marine shale in Sichuan Basin, China [31] .
Calculation of lost shale gas
A certain amount of gas was lost during the drilling and sampling processes. Firstly, the temperature-pressure balance of the oil-gas-water system is damaged when the drilling bit penetrate the shale, leading to gas leak even though the borehole is filled with drilling fluids to compensate pressure. Secondly, decrease in temperature and pressure when the core is pulled up to the surface could also result in losing some free gas, as well as exsolution of dissolved gas. Consequently, the amount of lost gas should be taken into consideration in order to accurately calculate the total gas content in the sample shales.
Many methods have been developed and put into practice for calculating lost coal-bed methane. Mostly applied ones include calculating lost methane by combining test results and the gas diffusion theory [32] , the United States Bureau of Mine (USBM) method [33] and polynomial curve fitting method [29] . USBM method is mainly applicable to the recovery of lost coalbed methane, and it is one of the mature and widely used methods. As the geological condition of shale in Trassic Yanchang Formation has a certain degree of similarity with that of coal, including high abundance of total organic carbon, shallow burial depth with low temperature and low pressure, thus, USBM method is adopted to recover the lost shale gas. In this study, we will try to use the USBM method to do the calculation following the steps below (Fig. 5): 1) measure and record the time used to pull the core from underground to the surface (t 2 ); 2) plot a coordinate 
Mixing process of shale gas
The carbon isotope of alkane clearly demonstrates kinetic fractionation in the geological history. Due to the differences in physical and chemical properties, the 12 C-12 C bonds are easier to cleave than the 13 C-12 C bonds and the 13 C- 13 C bonds, which leads to the enrichment of isotopically lighter alkanes. Because the carbon isotope compositions of hydrocarbon gases are controlled by the kinetic fractionation process, synchronous and isogenous alkanes of organic origin are characterized by a normal carbon isotope series, which is δ 13 C 1 < δ 13 C 2 < δ 13 C 3 < δ 13 C 4 [25, 34] . In addition, the δ 13 Cn and 1/n (n is the carbon number of gas molecule) is characterized by a linear correlation if the alkane were generated through a single exogenous thermal event [35] . However, the normal carbon isotope series of alkanes will alter when there is a mixing gases of different sources or biodegradation. Mixing gases of different sources includes the mixing of organic gas and inorganic gas, oil-type gas and coal-bed methane, isogenous gases at different maturation stages, and homologous gases with different origins. Consequently, the isotope series help to determine whether the gas mixing and biodegradation occurred or not.
The experiment results in this study shows that there is a normal carbon isotope series for methane, ethane and propane as δ 13 C 1 < δ 13 C 2 < δ 13 C 3 and there is a good linear correlation between δ 13 Cn and 1/n (Fig. 6 ). However, δ 13 C 4 became lower than δ 13 C 3 for samples G and H, indicating a slight isotopic reversal (Fig. 6 ). The carbon isotope of ethane is an excellent indicator of the kerogen type in the source rock, which thus can be used to determine the gas type [25] . Ethane with δ 13 C 2 < -29% is classified as generated by sapropelichumic kerogen. The experiment results show that δ 13 C 2 ranges from -33% to -37% in this study, indicating a typical sapropelic-humic kerogen, which is consistent with the Type II 1 kerogen in the study area. Regionally, the Yanchang shale is the only source rock in the study area and the Yanchang shale-gas system is a relatively stable and closed, which makes it very difficult to mix with gases of other sources [36] . Gas composition and stable isotope analysis indicate that the Yanchang shale gas is purely thermogenic origin without any mixing of biogenic gas or coal gas. Furthermore, the carbon isotope of heavy hydrocarbon gas is not subject to the influence of migration. Consequently, the only possible source of mixing gas was from gases generated from the Yanchang shale but at different maturation phases [37] . Another possible interpretation is that the isotope reversal is caused by measurement error. Since the content of butane was very low and close to the accuracy limit of the equipment, it makes the results less reliable.
Shale gas hosting model
Shale gas has three phases within the shale system, i.e., adsorbed gas, free gas and dissolved gas. The relative content of each phase is affected by geological factors including temperature, pressure, oil and water distribution. For Yanchang Formation lacustrine shale gas, the main phases of lacustrine shale gas are adsorbed gas and free gas [20] . Due to the limitation of present experimental technologies, the three phases in the formation state cannot be simulated in the laboratory. There is still lack of exploration for showing how the gas phases co-exist within the shale. However, according to the contents of gases in three phases, combining with physical and chemical properties of the shale, the hosting model of gases can be inferred.
Due to the difference of wettability, some mineral components within the rock show the lipophilic characteristics, and some mineral components also show hydrophilic characteristics. For example, clay minerals such as illite, kaolinite, montmorillonite, chlorite and mica exhibit hydrophilic characteristics; the surface of these these minerals is always covered with water film. The organic components generating oil within the shale usually show the lipophilic characteristics, and the surface of these minerals is always covered with oil film. Yanchang Formation shale, which is still in the oil window, generated a lot of oil and gas. Thus, it can be inferred that a large quantity of water and oil films exist within the shale. As the shale has strong adsorbing ability to gas, a lot of gas have priority to adsorb on the organic matter and mineral particles, and exists as the adsorbing gas. Some gas can be dissolved in the oil film or water film and exists as dissolving gas. As the three phases within the shale are controlled by temperature, pressure and volume, which is known as PVT equation, some gas occurs as free gas. The hosting models of gases with three phases is shown in Figure 7 . 
Shale gas accumulation
According to the results of the gas desorption experiment, we inferred the hydrocarbon accumulation process for the Yanchang shale-gas systems.
Before the Yanchang Shale source rock passing the hydrocarbon generation window, only a small amount of oil and heavy hydrocarbon gas were generated and expulsed. The oil would occupied the pores inside and adjacent to the organic matter. The heavy hydrocarbon gas would be adsorbed on the surface of organic matter. When the Yanchang shale source rock in the study area entered hydrocarbon generation window during Late Jurassic and Early Cretaceous [38, 39] , a large amount of methane and heavy hydrocarbon gases were generated. At this stage, 13 C 1 -methane was absorbed in prior to 12 C 1 -methane and heavy hydrocarbon gases were absorbed in prior to methane. hydrocarbon gas is dissolved in oil and water after the organic matter is saturated with gas; (C) free hydrocarbon gas is charging the pores after the organic matter, water and oil are saturated with gas Figure 9 : Cross-plot of δ 13 C 1 (% ) and gas dryness with percentile of desorbed gas overtime for samples F, G, and H
In a shale-gas system, gases present in three different phases including adsorbed, free and dissolved gases, which are in a state of dynamic balance. However, the relative amount of gases in different phases varies along with the accumulation process as summarize in the following model in the early accumulation stage (it is also the early burial stage and early hydrocarbon generation stage) in which the independent temperature and pressure system within shale has not formed. Along with the increasing thermal maturation of the shale source rock, the amount of hydrocarbon gas generated also increase. In the beginning stage, only a small amount of shale gas was generated, which would be preferentially adsorbed by the organic matter (Fig. 8A) , with only a small amount migrating away from the organic matter and existing in other phases. After the organic matter is completely or for the most part saturated with gas, a certain amount of hydrocarbon gas could migrate out of the organic matter and get adsorbed on the surface of clay minerals. After the organic matter and clay mineral are completely or mostly saturated with gas, a large amount of hydrocarbon gas could get dissolved into oil and water (Fig. 8B) . Filling the pores and fractures with significant amount of free gas occurs in the later stage of gas accumulation after the organic matter, clay mineral, oil and water are all saturated with gas (Fig. 8C) . The independent shale system may formed when the early accumulation stage finished, for the burial depth is large, the volume of generated hydrocarbon is plenty, and the formation pressure and temperature is high during this period.
Content of recoverable shale gas
The desorption results of shale samples F, G and H show that δ 13 C 1 increased and gas dryness decreased during the desorption process (Table 2 and Fig. 9) . A cross-plot of δ 13 C 1 and gas dryness with the percentile of desorbed gas for samples F, G and H shows that the curves for δ 13 C 1 and gas dryness cross with each other at~80% percentage of total ultimate desorbed gas (Fig. 9) . Before the desorbed gas reached 80%, the desorption efficiency was relatively high in terms of quantity per certain amount of time. In contrast, the desorption efficiency dropped abruptly after 80% of gas has been released. In addition, extremely high temperature through more intense heating was required to desorb the rest 20% gas. The reason for the abrupt change in desorption efficiency at~80% percentage is probably related to the existence of oil and water in the pores. As discussed before, hydrocarbon gases occur in a dynamically balanced state in three phases: absorbed, dissolved and free. When the free gas was released and pressure dropped, dissolved gas will be partially transferred into free gas. Similarly, absorbed gas will also be partially dissolved into oil and water. The dynamic balance will be gradually restored at new temperature and pressure conditions. After a large amount of gas being released from the shale, the balance between gas, oil and water is greatly damaged and require a long time to restore, which could have resulted in difficulty in desorbing the rest 20% gas.
When the desorbed gas reached 80%, gas dryness was~65% and the content of heavy hydrocarbon gas was 35%, which is too high for economic development natural gas. The formation temperature in the study area is between 60 ∘ C and 70 ∘ C, which matches roughly with the temperature when~80% of gas was desorbed. Consequently, we conclude that~80% of the adsorbed shale gas in the study area can be desorbed under the geological conditions. This percentage should be taken into consideration in calculating shale gas resources. The content of recoverable shale gas is defined as 0.8 times the desorption gas obtained in the laboratory. The formula for calculating recoverable shale gas resources is as follows:
In the formula: Qr-recoverable shale gas (m 3 ); Qe-average desorbed gas from experiment (m 3 /t shale); Q l -average lost gas during coring process (m 3 /t shale); W-weight of shale (t).
Conclusions
The gas desorption capacity of the Yanchang shale follows the sequence of N 2 > CH 4 >CO 2, which is opposite to its adsorption capacity. For individual hydrocarbon gas components, small molecules desorbed easier and faster than large molecules, indicating that organic matters have a higher adsorption capacity for large molecules than small molecules. δ 12 C 1 -methane desorbs easier and faster than δ 13 C 1 -methane, suggesting that organic matters have a higher adsorption capacity for δ 13 C 1 -methane.
The hosting process of different gases in the early accumulation stage follows the priority sequence: adsorbing, dissolving, and free charging.
Gas yield reached up to 3.89 m 3 /t shale, and the content of lost gas can account for more than 20% of total desorbed gas. Only about 80% of the shale gas in the study area can be desorbed under the geological conditions because extremely high temperature is needed for desorbing the rest 20% shale gas. The percentages of lost gas and recoverable gas must be taken into consideration in calculating the gas resources for the Yanchang Formation shale.
